A study was initiated to identify the levels and frequencies of heavy articulated vehicle body vibrations at which the drivers perceive the ride as uncomfortable. The study involved conducting a subjective assessment survey in which a panel of truck drivers were asked to rate the ride quality provided by a number of road sections with different surface roughness characteristics. The study's objective was achieved by correlating the mean panel ratings (MPRs) to road surface roughness contents in different one-third-octave bands of the roughness spectrum. The results showed that at 100 km/h, truck drivers object mainly to motions resulting from roughness excitations of the low frequency vibration modes of the truck body in the range 1.42 -5.7 Hz. These results were validated by correlating MPRs with the levels of whole body vibrations measured on the driver's seat in a representative vehicle while traversing some test sections. MPRs were found to correlate well with the measured overall vibration total values and the likely comfort reactions to various magnitudes of overall vibration total values given by ISO 2631-1. The influence on MPRs of vehicle and driver related factors were also investigated and commented upon.
INTRODUCTION
The ride environment of the truck driver is the product of the applied excitation and the response properties of the truck (Gillespie, 1985) . Road surface roughness is a major source of excitation in addition to the rotating tyre/wheel assemblies, the driveline and the engine (Gillespie, 1985) . When a vehicle traverses a rough road pavement, surface irregularities excite different vibration modes of the vehicle body at different frequencies. Past research has shown that heavy vehicle ride is most sensitive to excitations of the low frequency modes in the range 1-8 Hz (Gillespie, 1985) . At these frequencies, modes such as body bounce, pitch, roll, frame bending and axle hop are excited. The resulting motions affect the ride quality perceived by the occupants and their comfort as at these frequencies humans are most sensitive to vertical (4-10 Hz) lateral and longitudinal (0.5-2 Hz) vibrations (IS0-2631-1, 1997).
The aim of this paper is to report on the results of a study conducted for the purpose of identifying the levels and frequencies of heavy articulated vehicle body vibrations, excited by road roughness, at which the drivers perceive the ride as uncomfortable. The study involved conducting a subjective assessment survey to collect drivers' ratings of the ride quality provided by a number of road sections with varying roughness levels and spectral characteristics. Further, Whole Body Vibrations (WBV) transmitted through the driver's seat were measured at highway speed on a number of test sections.
Driver's perception of ride is influenced by factors other than the vibrations present in the vehicle's cabin. They include factors related to the road, the vehicle and the driver. Past research has shown that road roughness is the only road factor that has a significant effect on users' ratings (Cairney et al, 1989 ) however factors such as alignment, speed, pavement and surface types were considered and controlled in the selection of the test sections. Data relating to vehicles' properties and drivers' characteristics were collected during the survey to study their effects and establish if any of them have influenced drivers' judgements during the rating exercise.
DATA COLLECTION

Subjective Assessment Survey
The main objective of the study was to identify the range of roughness wavelengths/frequencies in the longitudinal road surface profile that influence the perceived ride quality of heavy vehicle drivers. To achieve this objective, a subjective rating survey was conducted where a group of heavy vehicle drivers provided ratings of their perceptions of the ride quality of 29 rating sections. They used the rating scale, shown in Figure 1 , which ranges from O for extremely poor to 5 for perfect.
The rating sections were selected from two highways located in rural areas to the East and West of the State of Victoria/Australia. They varied in lengths, roughness levels and spectral characteristics, however they had uniform roughness along their lengths. The roughness measure used in the selection process is the Intemational Roughness Index (IRI). Each section was identified with a white sign at the start of it and a yellow sign at its end with the section number written on them. The rating scale
The survey was designed using the independent group method i.e. a different panel of drivers rated the sections on each of the highways. The drivers had to do the rating exercise during their normal operations and recorded their ratings using voice-activated recorders. They travelled at a speed of 100 km/h in tractor-semitrailer combination units but with different characteristics and loading conditions. The rating panels left their bases in Melboume (Capital of Victoria) with fully loaded vehicles and retumed the same day with empty vehicles. Eighteen sections were selected in the outbound directions (rated with loaded vehicles) and eleven in the inbound directions (rated with empty vehicles). The number of ratings collected for the different sections ranged between 10 and 16. A summary of the sections' details, the rating panel and the vehicles is presented in table I.
During the rating exercise, the drivers were also asked to describe the type(s) of vibration(s) that they felt while traversing each test section. The vertical vibrations were the most felt by a majority of drivers. The second most felt type of vibration is sideways motion (SW) followed by the fore and aft motions. In addition to that a number of drivers complained of vibrations in the steering wheel and one driver reported cab movement. 
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Ta b le 1. D e t a ils o f t h e t e s t s e c t i o n s , t h e d r i v e r s a n d t h e t e s t v e h ic le
Measurement of WBV
Whole Body Vibrations (WBVs) transmitted through the driver's seat were measured in one of the test vehicles with fully loaded trailer. The loading condition of the test vehicle dictated the conduct of WBV measurements on the rating sections in the outbound directions only. The measurement was done for 17 sections only as the signs for the eighteenth section were missing. The measurement was done using special vibration measuring equipment while travelling at a speed of 100 km/h. The acceleration spectrum for each rating section was measured in the three orthogonal directions x, y and z. The x-axis, which is in the direction of travel, the y-axis is transverse to it and the z-axis is in the vertical direction passing from the seat to the head of the driver. The measurement output included RMS acceleration (m/s 2 ) computed for consecutive bands of ~0.2 Hz width covering frequencies from 0 to 87.7 Hz.
The Test Vehicle
The vehicle used in WBV measurement is a one-year-old tractor-semi-trailer, Kenworth make, with cab over engine and an air bag suspended driver's seat. The vehicle had a tandem drive axle and a tandem trailer axle and both were fitted with air bag suspensions. There was no specific criterion for selecting this vehicle but voluntary contribution. However, it provides good representation of the vehicles used in the survey as the majority had similar configuration, cabin location and make. Cabin location was found to have a significant effect on drivers' judgements whereas, the effects of other vehicle related factors including age and type of drive axle suspension were found to be not significant (Miller, 1981) .
The TestEquipment
The equipment used in measuring WBV transmitted through the driver's seat consisted of a triaxial accelerometer pad, a four channel input module with four built in charge amplifiers (Svantek SV06A) and a sound and vibration analyser (Svantek 912AE) (Svantek, 2000) . The measurement started a short distance (10-15m) before a test section and ended a short distance after its end.
ANALYSIS OF SUBJECTIVE AND ROUGHNESS DATA
Subjective Data
The subjective measure used in the analysis is the Mean Panel Rating (MPR). The MPR for each rating section was calculated by summing the ratings of the drivers who rated that section then dividing the sum by the number of drivers. The standard deviations of the ratings for the different sections ranged between 0.4 and 0.7. The reliability and agreement between the raters was tested using Ebel's intraclass correlation coefficient (ICC). The ICC is used to estimate the individual or average reliability of the ratings of judges (Cramer, 1998). The ICC was found to be equal to 0.91, which indicates that there is very good agreement between the different raters.
Roughness Data
Road surface profile data is measured using a laser profiler system along the wheel tracks of a passenger car. Data analyses involved performing Power Spectral Density (PSD) analyses on road surface profile data of each of the rating sections. Then the roughness spectrum of each section was divided into narrow frequency bands, namely, one-third-octave bands (OTOB). One-third-octave frequency bands were chosen to provide a clearer definition of the contribution of road profile to roughness across the frequency range of interest. The range of spatial frequencies considered is 0.011 -2.83 cycles/m as recommended in ISO 8608 (1995) . The PSD functions of the rating sections were then converted to a series of Root Mean Square (RMS) values of profile slope in each OTOB. The RMS value of the PSD function of road surface profile elevation or slope in any band represents roughness content in that band (Janoff et al., 1985) .
Frequencies affecting drivers' perception
Roughness contents in different wavebands of the longitudinal road surface profile data for each section were correlated to the corresponding MPR values to identify roughness content and band that mainly influence the perceived ride. The waveband that resulted in the highest correlation (r = -0.88) ranges between 4.88 and 19.51 metres (centre spatial frequencies 0.0513-0.205 cycle/m). When travelling at normal highway speeds (60-100 km/h), roughness wavelengths within this band excite the low frequency vibration modes of the truck body in the range of 0.9-5.8 Hz.
Since the IRI provided lower correlation with MPR (r = -0.74), roughness content in this band was used to establish a new roughness index called the Profile Index for trucks (PI t ). The subscript (t) stands for truck and is added to differentiate this index from another index, also called Profile Index (PI) proposed by Janoff and others (1985) which was developed to represent passenger car ride. The PI t is defined as the RMS average of the RMS values of profile slope calculated for the outer and inner wheel paths in the waveband 4.88-19.5m.
The new index serves to predict the perceived ride of heavy articulated vehicles (r 2 =0.85) better than the IRI (r 2 =0.64) (Hassan, 2002) . Hassan (2002) developed a non-linear statistical transform called Truck Ride Number (TRN) that can predict heavy vehicle drivers' ratings from PI t with a margin of error of ±0.3 of a scale interval at 95% confidence. TRN has a scale similar to the rating scale used in the survey. Using this transform and MPRs, a scale was developed for PI t . A PI t value of ~0.5m/km represents a very good ride, 0.5-1.3 good ride, 1.3-2.75 fair ride, 2.75-5.5 poor ride and >5.5m/km represents a very poor ride.
ANALYSIS OF WBV DATA
Graphical analysis
Graphical analysis of accelerations in the different directions was performed to view their distribution over the frequency range of interest (0-20 Hz) and identify the frequency bands/modes that contribute most to each type of vibration, vertical, Figure 2 shows clearly that the contribution to the vertical vibrations comes mainly from exciting the low frequency modes in the range 1-4.5 Hz such as body bounce and pitch modes. In this range the human body has low sensitivity to this type of vibration. The spectra of vibrations in the x direction (fore and aft motions) presented in Figure 3 also show that the highest peaks in the spectrums occur in the range 1-4 Hz due to excitation of modes such as the body pitch. At these frequencies humans have high sensitivity to this kind of vibration. The figure also shows that there is also high contribution from higher frequency modes (such as unsprung mass pitch and frame bending) in the range 7-17 Hz at which humans have low sensitivity to this motion. Figure 4 shows that there is a relatively good correlation between MPR and the spectra of sideway vibrations in the frequency band 1-4.5 Hz. However, the low frequency modes such as body roll, contribute little to the sideways vibrations. The highest levels of sideways vibrations are attributable to excitations of vibration modes in the range 7-9 Hz and 16-18 Hz. In this range the human body is not sensitive to this type of vibration. The conclusion that can be drawn from this is that the seat and suspension system of this vehicle are providing good isolation of vertical and sideways vibrations and bad isolation to fore and aft vibrations.
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longitudinal and lateral. Vibration spectra measured on some of the test sections covering a range of PI t values are shown in Figures 2, 3 and 4 plotted against the corresponding MPR values.
Measured Vibration levels
The rms accelerations were calculated in each OTOB with centre frequencies from 1 -80 Hz (ISO2631-1, 1997). Knowing the bandwidth of each OTOB, the number of narrow bands (~0.2 Hz) in each OTOB was calculated and their rms accelerations were summed (root sum of squares) to produce the rms acceleration in each OTOB. Then the weighted rms accelerations were calculated in each OTOB using frequency weightings provided in IS0-2631-1 (1997). The overall weighted accelerations were then determined for each axis and their vibration total values were calculated following the guidelines in IS0-2631-1 (1997). Table II lists the values of overall raw (a x , a y , a z ) and weighted accelerations (a wx , a wy , a wz ) of each axis, the vibration total values for raw (a v raw) and weighted acceleration (a v ), MPR, PI t and IRI values for each of the 17 test sections. The backrest vibrations were also accounted for by increasing the multiplying factors for x and y axes (IS0-2631-1, 1997). Applying these factors resulted in increased vibration total values of weighted rms accelerations (a v -backrest) (see table II).
Ta b l e I I R a w a n d w e i g h t e d r m s a c c e le r a t io n v a lu e s in d if f e r e n t d ir e c t io n s fo r e a c h t e s t s e c t io n a n d t h e i r o v e r a ll v a lu e s w it h a n d w it h o u t t h e b a c k r e s t f a c t o r s
Analysis of subjective and WBV data
The correlation results between MPRs and the corresponding raw and weighted rms accelerations in each axis and their total values with and without the backrest vibrations are presented in table III. It can be noticed from the table that there is
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good correlation between MPR and a v and that allowing for the backrest vibrations does not affect the correlation.
Table III Correlation coefficients between different roughness indices and rms acceleration in different directions
MPR has good correlations (>0.70) with the weighted vibrations in the three directions. Norsworthy (1985) and Miller (1981) reported similar results for the vertical and fore and aft vibrations. Smith et al, (1976) also reported that lateral accelerations correlate well with the ratings. The PI t follows the same trend as the MPR, which is expected as it is based on the subjective response of truck drivers. The IRI has poorer correlations with all weighted vibrations except for the sideways vibrations. The IRI filter is more sensitive at short wavelengths, which are responsible for exciting the high frequency sideways vibrations where the peak levels occurred.
Assessment of perceptibility and comfort
The assessment of perceptibility of the vibrations is made with respect to the highest weighted rms acceleration determined in any axis at any point of contact (seat surface for a sitting person) at any time (ISO 2631-1, 1997). According to table II, the highest weighted rms accelerations occur in the vertical axis (shown in bold) with a minimum value of 0.45m/s 2 , which is much higher than the peak threshold of perceptibility, 0.02m/s 2 (ISO 2631-1, 1997). This implies that the levels of vibrations measured on all test sections would influence drivers' perceptions.
The perceptions (from the rating scale) that correspond to MPRs for the test sections and the measured weighted vibrations were compared to the likely comfort reactions to various magnitudes of overall vibration total values (a v ) in public transport given by ISO 2631-1 (1997). The comparison was based on the scale shown in table IV where a perception from the rating scale was assigned to each of the likely reactions given by ISO. The results of this comparison are shown in table V, which indicates that in the range of measured vibration levels drivers' perceptions, generally match the likely reactions proposed in ISO 2631. This implies that the rating scale used provides close representation of the vibrations felt by the drivers. For the sections, vehicles and operating conditions considered in this study, the table also indicates that generally the drivers would perceive the ride as fairly uncomfortable when the overall vibration total value exceeds 0.7 m/s 2 .
OTHER FACTORS AFFECTING RIDE PERCEPTION
The magnitudes of the vibrations to which the driver is exposed in the cabin are influenced by vehicle properties. As mentioned earlier, the drivers travelled in vehicles of different properties and under different loading conditions. The vehicles varied in age, cabin location and type of drive axle suspension.
Using factorial analysis of variance (ANOVA), the statistical significance of the effects of these factors on drivers' perceptions of ride was tested at different PI t
cabin location is the only factor that has a statistically significant effect on driver's perception of ride with cabins behind engines providing better ride.
Ta b l e I V L i k e l y r e a c t io n s t o v a r io u s m a g n it u d e s o f o v e r a ll v ib r a t io n t o t a l v a lu e s in p u b l ic t r a n s p o r t ( IS O 26 31, 19 9 7) a n d t h e c o r r e s p o n d in g p e r c e p t io n s f r o m t h e r a t in g s c a le
Factors relating to the driver including age, weight and years driving experience may also influence driver's perception of ride. The effects of these factors were also studied and found to have no statistical significance. In all the tests performed, the roughness factor (PI t ) was found to have a significant effect with a large effect size. More details on these tests can be found in Hassan and McManus (2001) .
T a b le V C o m p a r is o n b e t w e e n IS O li k e l y r e a c t io n s a n d d r i v e r s ' p e r c e p t io n s
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DISCUSSION OF THE RESULTS
PI t and IRI
Analyses of the subjective and roughness data have shown that excitation of the low frequency vibration modes of heavy articulated vehicle has greater impact on driver's perception than the high frequency ones. This was demonstrated by the high correlation between MPRs and roughness contents in the PI t band. The lower correlation between MPR and IRI could be explained by the fact that the IRI is more sensitive at higher frequencies as it is based on quarter car model. Passenger cars are more responsive at higher frequencies and the occupants were found to object to vibrations in the range of 10-51 Hz at 24.6m/sec (Janoff et al, 1985) . Whereas the heavy vehicle is generally more responsive at low frequencies as was shown in the graphical analyses.
PI t and WBV
The PI t MPR has good correlations with raw and weighted overall vertical and fore and aft vibrations and bad correlations with raw sideways vibrations. Roughness wavelengths, to which PI t is sensitive, excite the low frequency vibration modes in the range 1.42-5.7 Hz (at 100 km/ht). At these frequencies, the highest vertical and fore and aft vibrations occur and this explains the good correlation between raw (PI t , 0.62 & 0.69) and weighted (PI t , 0.70 & 0.69) accelerations in these directions with this index and MPRs. However, the correlation coefficients are slightly lower than with MPR. This is expected as the PI t was developed from surface profile measurements in car wheel paths, whereas MPR represents driver's perception while travelling along truck wheel paths. Truck wheel paths are, in some cases, a bit rougher than the car paths as they are closer to the unsealed road shoulder. Further, the PI t represents surface roughness contribution to the vibrations present in the vehicle cabin and as mentioned earlier, there are other sources of vibration that influence driver's perception.
The raw highest sideways vibrations occur at high frequencies i.e. not excited by wavelengths within the PI t band. This explains the bad correlation with PI t (0.24) and the better correlation with IRI (0.42). However, the correlation improves to (0.74) with applying the frequency weighting factors due to the reduced effects of high vibrations at high frequencies and emphasising the effects of low frequency vibrations (1-3 Hz), which have good correlation with PI t /MPR as can be seen in figure IV. Although the levels of vibrations in this band are low, most of the drivers were able to feel the motion at low frequencies. This clearly indicate that road surface roughness contributes little to the excitation of sideway vibrations/body roll motion. In this case it is believed that the road cross fall and/or the differences in profile elevations of the two wheel tracks are the main excitation sources. Gillespie (1985) noted that the effect of the body roll motion has little influence on the ride characteristics of trucks compared to the bounce motion. This is true when comparing the magnitude of low frequency sideways vibrations to the low frequency vertical accelerations. However, the findings discussed above, in addition to the fact that MPR/PI t has high correlation with low frequency sideways vibrations, indicate that the roll motion significantly affects truck ride and ultimately influences the perceived comfort of heavy transport operators.
The correlation coefficients between WBV with PI t and/or MPR could be regarded as high considering the fact that driver's perception is influenced by vibrations transmitted through the floor and the steering wheel in addition to factors such as interior cab noise, seat design and its fit to the passenger, temperature, ventilation, interior space, hand holds (Gillespie, 1984) and ease of steering (Miller, 1981) .
PI t AS A MEASURE OF HEAVY VEHICLE RIDE
The above discussion leads to the conclusion that the PI t is a viable measure of heavy articulated vehicle ride. It explains 85% of the variation in MPR and has high correlations with the measured vibrations on driver's seat in a representative vehicle. Further, all the factors that may influence the perception of the driver were found to have no statistical significance except for the cabin location factor with cabins behind engines providing better ride. It could be argued that the low ratings of those who travelled in vehicles with cabins over engines may have influenced the correlation results. However, as the drivers who travelled in these conditions comprise the majority of the sample, this makes the PI t valid for the worst cases of vehicles and operating conditions considered in this study.
CONCLUSIONS
The results of this study showed that the drivers of heavy articulated vehicles, namely semi-trailer combination units, mainly object to excitations caused by the roughness wavelengths in the range of 4.88-19.5m (PI t band). At normal highway speeds (60 -100 km/h) these wavelengths excite the low frequency vibration modes of the vehicle body in the range of 0.9-5.8 Hz. This implies that low frequency vibration modes of heavy vehicle body have greater influence on driver's perception of ride than the high frequency modes. For the sections, vehicles and operating conditions considered in this study, other conclusions that could be drawn from the findings are summarised below:
1.
The new roughness index PI t represents heavy vehicle ride better than the IRI.
2.
The PI t is a viable measure of heavy vehicle ride. The effect of road roughness in the PI t band on drivers' ratings was found to be significant with a large effect size. It serves to explain 85% of the variation in MPR for the sections considered in this study and provides good indications of the magnitudes of the different vibrations transmitted to the driver through the seat. Further the PI t is valid for the worst cases of vehicles and operating conditions considered in this study.
3.
Driver's perception of ride declines when PI t exceeds 1.3 m/km or when WBV exceeds 0.7m/s 2 .
4.
Drivers' reactions at different levels of measured vibrations match those provided in ISO 2631-1. This implies that the rating scale used provides close representation of the vibrations felt by the drivers.
5.
Road surface roughness has little contribution to exciting the low frequency roll motion of the vehicle body. However, sideway vibrations resulting from the roll motion, excited by road cross fall or differences in profiles elevations between the wheel paths, significantly affect heavy vehicle ride and ultimately influence the perceived comfort/ride of heavy transport operators. 
REFERENCES
Perception of Low-Frequency Vibrations by Heavy Vehicle Drivers
